AND CONCLUSIONS
INTRODUCTION
Excitatory amino acids (EAAs) such as glutamate and aspartate are known to mediate spinal transmission of peripheral nociceptive input by activating several different receptor subtypes. In particular, the role of N-methyl-o-aspartate (NMDA) receptors, which are a subtype of EAA receptors, in modulation of nociceptive input has been an area of intense interest in recent years. By virtue of their unusual voltage-gating properties and calcium conductance (see Mayer et al. 1992 for review), NMDA receptors are ideal candidates for neurotransmission at ' 'Hebbian' ' synapses and therefore are implicated in sensitization phenomena in the central nervous system (see Collingridge and Singer 1990 for review). In the context of nociceptive systems, central sensitization may manifest as increased sensitivity to noxious stimuli (i.e., hyperalgesia) (Woolf and Thompson 1991). Consistent with the above, several studies document a key mediatory role for spinal NMDA receptors in producing hyperalgesia in various models of acute and chronic neurogenie pain (see Dubner and Ruda 1992 for review).
Modulation of nociceptive transmission has been investigated primarily in models of acute and chronic pain originating from somatic structures (i.e., skin, muscle, and joints). Several electrophysiological studies report enhancement of spinal neuron responses to thermal and mechanical nociceptive stimuli applied to muscle (see Mense 1993 for review), joint (Schaible et al. 1987) , and skin (Dougherty et al. 1992b; Neugebaeur et al. 1993; Ren et al. 1992 ) in postinjury states. Although mechanisms of somatic hyperalgesia have been studied extensively, fewer studies have examined spinal mechanisms of visceral hyperalgesia (see Gebhart and Mayer 1994; Mayer and Gebhart 1993 for reviews) . We have demonstrated previously that spinal NMDA receptor activation facilitates visceral nociceptive reflex responses in a model of visceral pain arising from the descending colon and rectum (Kolhekar and Gebhart 1994) . In particular, both pseudaffective visceromotor and pressor responses to noxious colorectal distention (CRD) were found to be enhanced in magnitude and duration after intrathecal administration of NMDA to the lumbar spinal cord of awake rats. The primary objective of this study was to characterize the effects of activation of NMDA receptors on convergent cutaneous receptive fields and responses to colonic distention of viscerosomatic neurons in the lumbosacral spinal cord of the rat. We also examined the effects of D-serine, which is an agonist at the glycine modulatory site on the NMDA receptor complex, on cutaneous receptive fields and responses of viscerosomatic neurons to colonic distention.
METHODS

Animal preparation
Thirty male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing g initially were anesthetized deeply with an intraperitoneal injection of pentobarbital sodium (50 mg/kg body wt). A femoral vein, artery, and the trachea were cannulated. A local anesthetic ointment (Dibucaine) was applied to all wound margins. Rats were paralyzed with pancuronium bromide (0.2 mg/ h iv) and artificially ventilated with a gaseous mixture of halothane (0.5% vol/vol) and nitrous oxide:oxygen (2:l; 2.5-3.0 ml stroke volume, 65 strokes/min). Blood pressure was monitored continuously and rats were kept at physiological temperatures with a watercirculating, thermostatically controlled heating pad and overhead lamps.
The lumbosacral spinal cord was exposed by a laminectomy at spinal segments L5 -S 2, and the rat was placed in a modified Kopf stereotaxic head-holder and suspended from thoracic vertebral and ischial clamps. In some rats, a cervical laminectomy was performed at spinal segments C-C, for insertion of stimulating electrodes to test for antidromic invasion of lumbosacral neurons.
Spinal recording
Neurons in the medial lumbosacral spinal cord were studied in the absence and presence of drugs administered by pressure from a multibarrel micropipette fabricated on a Narishige microelectrode puller from 1 .O mm OD microfilament capillary glass (3 -10 pm outer tip diameter). A chloridized silver wire inserted into the central barrel filled with 3 M NaCl solution served as the recording electrode. The other barrels were filled with drug solutions that were ejected by a pneumatic pica pump (Model PV800, World Precision Instruments). One or more short-duration pressure pulses (5--10 ms; 80 psi) were applied to a barrel for drug ejection. Drug volumes (lo-100 nl) were estimated by measuring microscopically, for each electrode, the diameter of the ejected droplet on a glass slide before the experiment. In some experiments, a saline solution of Fast Green dye was used in one of the pipettes to mark recording sites that were subsequently verified histologically.
Unit activity was amplified and processed in series through a window-discriminator with an analog-delay circuit, thus permitting continuous display of neuron wave-form and amplitude. Neuron discharges were counted and stored on a computer and peristimulus time histograms were generated simultaneously using Cambridge Electronics Design Spike2 software. Unit responses to cutaneous and visceral stimulation also were monitored continuously on an oscilloscope and an audio monitor.
Mechanical stimulation (brush and pinch) of the perianal region and electrical stimulation of the contralateral, ventrolateral quadrant (VLQ) in C-C, spinal segments were used to search for spinal units. A tungsten microelectrode was inserted into the Cl-C2 VLQ and used for electrical stimulation (100 ps pulses, O.l-0.5 mA, 5 Hz) to identify spinal projection neurons by antidromic activation of their axons. Criteria for antidromic invasion were the following: constant latency to stimulation; ability to follow highfrequency stimulation (300 Hz); and collision of antidromic and orthodromic action potentials in neurons with somatic receptive fields. After isolation, units were tested for responses to brief (test) CRD (40 mmHg, 5 s). As previously described (Ness and Gebhart 1988a,b; Sengupta and Gebhart 1994) , the distention stimulus employed in all experiments was inflation with air of a 7-8 cmlong latex balloon inserted into the descending colon and rectum. Opening a solenoid gate to a constant pressure air reservoir initiated a 30-s constant-pressure, phasic stimulus. If excited by the test stimulus, 80-mmHg, 30-s CRD stimuli were given at 4-min intervals for four to five trials to overcome any sensitization that might occur (Ness and Gebhart 1988a,b) . Response to CRD is defined as the total number of discharges during the 30 s of distention minus any spontaneous activity (determined during the 30-s period of recording immediately before the onset of CRD). Stimulusresponse functions to graded are presented as the mean of at least two trials at each intensity of distention. The slope and intercept (response threshold) were determined by least squares regression of individual stimulus-response functions.
In addition to response to CRD, neurons also were characterized with respect to cutaneous receptive fields. Neurons that responded to innocuous brushing of the skin in addition to noxious pinch (with forceps) were classified as wide dynamic range neurons and neurons that increased their activity only during noxious pinch in the cutaneous receptive field were classified as high-threshold cells.
After characterizing neurons as described above, NMDA (1 PM), D-serine (1 PM), or vehicle [saline or 10% dimethyl sulfoxide (DMSO)] was administered by pressure ejection and responses of the same neuron to CRD were recorded at 30-s and at 4-min intervals after drug or vehicle administration.
These doses of NMDA and D-serine were chosen based on results obtained in behavioral studies (Kolhekar and Gebhart 1994; Kolhekar et al. 1994 ) and preliminary electrophysiological experiments that showed that concentrations of NMDA > 1 PM typically increased spontaneous activity of viscerosomatic neurons, thereby confounding evaluation of neuron responses to CRD. Concentrations <l PM had no effect on responses to CRD. In some experiments, the NMDA receptor antagonist 5-amino-2-phosphono-valeric acid (APV, 10 pm) or the glycine site antagonist 7-CK (10 pm) were coadministered to antagonize the effects of NMDA and D=serine. All drugs except 7-CK were purchased from Sigma Chemical, St, Louis, MO, and were dissolved in preservative-free saline (0.9% NaCl). 7-CK was purchased from Research Biochemicals (Natick, MA) and was prepared by dissolving in 10% DMSO. The pH of all solutions was adjusted to 7.2-7.4. Preservative-free saline (pH 7.2-7.4) or 10% DMSO served as controls.
Histology
Rats were killed with an intravenous overdose of pentobarbital sodium at the end of an experiment. The lumbosacral spinal cord was removed and fixed in 10% formalin, frozen, cut in 40-pm sections, mounted on gelatinized glass slides, and stained with cresyl violet for histological verification of the recording site.
Data analysis and statistics
In all experiments, spontaneous activity (baseline) and activity during CRD were counted as impulses/second. Two or three control responses to CRD were determined at every distention pressure before drug administration and percent facilitation of responses to CRD after drug administration was calculated as (response with drug -mean control response) x lOO/mean control response. Mean stimulus response functions were computer-derived least-squares linear regression lines drawn through mean normalized neuron responses to graded intensities of CRD. One-or two-way ANOVAs, Student's independent t-test, two sample t-test, Student's t-test with Bonferroni correction, and orthogonal analysis were used for making statistical comparisons. Data are presented as means t SE.
RESULTS
Unit sample
A total of 33 neurons in the L6-S1 spinal segments of 30 rats were characterized. Only units that gave reproducible and consistent responses to CRD were included in the study. Units that were inhibited by CRD were not studied. Twenty five of the 33 neurons were of the "short latency-sustained' ' type (SL-S) (Ness and Gebhart 1987), demonstrating a short latency to response (within 2-3 s of onset of the stimulus) and continuing to discharge after termination of the distending stimulus (Fig. IA) . Afterdischarges were quantified only for 30 s after termination of CRD. Eight of the 33 units were of the "short latency-abrupt" type (SL-A) (Ness and Gebhart 1987) , demonstrating a short latency to response with the response terminating coincident with termination of the distending stimulus (Fig. II? ). This population of recorded units is consistent with the population originally characterized by Ness and Gebhart (1987 brushing of the skin (n = 31). The remaining two neurons responded only to noxious stimulation of the cutaneous receptive field, consistent with the earlier report of Ness and Gebhart (1987) . Receptive fields typically were distributed in the perianal region, including the scrotum, and in some cases also covered caudal portions of the flank (Fig. 1) . Thirty-five percent (13) of the units studied were projection neurons (mean conduction velocity 28.4 t 2.0 m/s); this proportion of projection neurons is likely an underestimate because the stimulating electrode in C, -C, for antidromic invasion was not systematically moved when antidromic invasion was not apparent. All neurons were recorded between 200 and 1,500 pm from the cord dorsum in the medial lumbosacral spinal cord. Depth measurement of recorded neurons correlated well with histological localization of recording sites marked with dye. The majority of neurons responding to CRD were located medially and around the central canal.
Stimulus response functions to graded pressures (20-80 mmHg) of CRD were determined for 16 of the 33 neurons, and 13 of these exhibited monotonic response functions with increasing pressures of distention ( Fig. 2A) . To normalize responses between neurons, a value of 1 was assigned to the control (predrug) response at 80 mmHg for each neuron and responses to other distending pressures and responses in the presence of drug were reported as fractions or multiples of 1 ( Fig. 2A, inset) .
Responses of 26 of 33 neurons were characterized in the presence of NMDA and saline. Of these, 23 were affected in some manner by NMDA. The effect of NMDA on the stimulus response functions of 12 neurons also was studied. Ten neurons, 3 of which also were studied with respect to effects of NMDA, were characterized in the presence of Dserine. The characteristics of these neuron groups and the effects of drugs are described below. activity were probably mechanical artifacts, likely due to ejection of drugs in close proximity to the neurons. In preliminary experiments, ejection of 1 mM NMDA produced a robust and sustained increase in the spontaneous activity of neurons which lasted 0.50-4 min after drug ejection, thereby rendering difficult the evaluation of drug effects on neuron responses to CRD. A lesser dose of NMDA (1 PM) therefore was used in the present study. This concentration of NMDA was selected based on earlier work (Kolhekar and Gebhart 1994) and because effects on spontaneous activity were minimal when examined 0.50-4 min after NMDA ejection. NMDA (1 ,uM) produced no change in the spontaneous activity of 12 neurons, a decrease in the activity of 1 neuron and an increase in the spontaneous activity of 10 neurons (mean spontaneous activity was 5.0 t 1.4 impulses/s before and 6.4 ? 1.3 impulses/s after NMDA for these 10 neurons; P 2 0.05). Three neurons demonstrated a large increase in resting activity, which was probably a mechanical artifact. Overall, the mean percent change in spontaneous activity produced by NMDA was to 19.4 ? 9.6% above predrug spontaneous activity. The combination of NMDA and APV was tested on 14 neurons, each drug given simultaneously from a different barrel. This procedure had no effect on spontaneous activity (mean spontaneous activity before and after NMDA and APV was 3.3 ? 0.7 and 3.3 ? 0.6 impulses/ s, respectively).
Effects
NMDA (1 PM) produced a significant increase in the magnitude of response to CRD in 23 of 26.neurons tested (for typical example, see Fig. 3A ). The facilitation produced by NMDA was evident when tested between 0.50 and 4 min after NMDA administration; neuron responses to CRD returned to baseline within 4-8 min after NMDA administration (see Fig. 3B ). No significant differences were found between projection and nonprojection neurons with respect to facilitation of neuronal response to CRD by NMDA (summarized in Fig. 8 ).
Because we also examined the effects of NMDA on the intensity coding of neurons (see below), which requires repeated application of NMDA, we evaluated the effects of repetitive administration of NMDA on responses to CRD. NMDA-produced facilitation was found to be reproducible over time (16-84 min) and did not show any evidence of desensitization or tachyphylaxis (Fig. 4A) . In 12 neurons that were tested with graded intensities of CRD, it was clear that the facilitation produced by NMDA was greater at noxious intensities of CRD (i.e., 40-80 mmHg) (see Ness et al. 1991) . The overall mean percent facilitation produced at 40, 60, and 80 mmHg in these 12 neurons was 160 ? 32% (P 5 0.05; Fig. 4B ). Of these 12 neurons, 7 did not respond to 20 mmHg CRD before ejection of NMDA. For the five neurons that did respond to 20 mmHg CRD before NMDA, the response to 20 mmHg CRD after NMDA was increased by 136 t 81% (P 2 0.05). The effect of saline on the same neurons was a mean change in response of 25 t 32%. In eight neurons where NMDA was coinjected with D-APV, the mean percent facilitation of responses to CRD at 40, 60, and 80 mmHg was not significantly different from saline (35 t 55%, P 2 0.05; see Fig. 4B ). In four different neurons, NMDA was coinjected with the glycine modulatory site antagonist 7-CK; the mean percent increase in response to 60 mmHg CRD produced by NMDA was 80.4 t 17.2% (P 5 0.05). This increase in the response to CRD was antagonized by coadministration of 7-CK with NMDA (mean change in response to 60 mmHg CRD was -10.2 t 17.0%; P 5 0.05 vs. NMDA alone). Neither APV nor 7-CK, at the concentrations used, affected responses to CRD.
Effects of NMDA were examined on 12 of the 13 neurons that demonstrated monotonic stimulus response functions to graded pressures of distension. On the basis of the observed effects of NMDA on the gain of the stimulus-encoding function, the neurons could be divided into two groups. Three neurons exhibited no change or a slight decrease in the slope of their stimulus response function after NMDA (mean percent decrease = 17.5 2 10.9%). Spontaneous activity, receptive field size, resposes to 80 mmHg CRD, and afterdischarges of these three neurons also were unaffected by NMDA, and we assume that if NMDA was ejected in these experiments, it was ejected in an inadequate concentration. Accordingly, data from these three neurons are presented separately. Nine neurons demonstrated increases in the slopes of their stimulus response functions after NMDA that ranged from 41 to 988% (mean percent increase = 282 t 110%). The slope of the mean stimulus response function of these nine neurons after NMDA ejection was significantly greater than the slope of the mean stimulus response function of the same neurons before NMDA (P 5 0.05; Fig. 223) .
Response thresholds to CRD were estimated by extrapolation of the linear portion of the individual stimulus response functions. Least square-line analyses of stimulus response functions of the nine neurons whose encoding properties were increased by NMDA yielded mean extrapolated thresholds for neuronal responses of 19.7 t 2.7 and 17.3 t 4.8 The effect of NMDA on the afterdischarge of SL-S and SL-A neurons was examined. For 121 15 SL-S neurons, afterdischarge during the 30 s after termination of CRD (20-80 mmHg) increased after NMDA administration. Before administration of NMDA, the mean activity of the 12 neurons in the 30-s period after termination of CRD was 186 ? 3 1% of predistention resting activity (Fig. 5A) . After NMDA was given to the same neurons, the mean activity after termination of CRD was 296 ? 56% of predistention activity (P -> 0.05). In the presence of APV (tested in 8 of the 12 SL-S neurons), NMDA did not produce an increase in the afterdischarge to CRD (mean activity in the postdistention period in the presence of D-APV was 156 + 37% of predistention resting activity; Fig. 5A ). The -effect of 7-CK on the increase in afterdischarge produced by NMDA was tested on two neurons, and in both cases, the effect of NMDA was blocked by 7-CK (data not shown).
SL-A neurons, by definition, do not exhibit an afterdischarge after termination of CRD. Typically, there is a brief (l-3 s) period of reduced activity in SL-A neurons when CRD is terminated (see Ness and Gebhart 1987) (Fig. 1B) . In the present experiments, activity in each of five SL-A neurons in the 30-s postdistention period increased after injection of NMDA. The mean activity of these SL-A neurons in the 30-s period after termination of CRD was 76 -+ 7% of the predistention resting activity before NMDA was given and 130 t 23% of resting activity after NMDA was given (P 5 0.05; Fig. 5A ).
RECEPTIVE
FIELDS.
Cutaneous receptive fields of 6 of the 26 neurons administered NMDA increased in size within l-2 min after NMDA was ejected. In addition, three other 
D-ser D-ser + 7-CK
neurons demonstrated expansion of receptive fields after NMDA was given three to four times. For most of these units, the receptive fields enlarged to include more rostra1 portions of the flank and leg and foot regions in the presence of NMDA. Six of the nine neurons showed changes of receptive fields within the same modality (i.e., brush or pinch; example shown in Fig. 6A ). Two neurons showed expansion across modalities (i.e., demonstrated a response to innocuous brushing of the skin in areas that were previously only responsive to pinch; example shown in Fig. 6B ). Three of the nine neurons that demonstrated an expansion in receptive field size after NMDA administration also had lower response thresholds to CRD (from 14.0 t 5.6 mmHg to 3.9 ? 3.4 mmHg). A few minutes after expansion of receptive fields was documented, APV (n = 4) or 7-CK (n = 1) was given. After APV or 7-CK ejection, the enlarged receptive fields were returned completely or partially to their original size (see Fig. 6 ).
Effect of D-serine SPONTANEOUS ACTIVITY.
D-serine produced no change in the spontaneous activity of 7 neurons and a moderate increase in spontaneous activity of 2 of the 10 neurons to which it was administered. One neuron demonstrated a large increase in resting activity, which was probably a mechanical artifact (see above). Overall, the mean percent change in spontaneous activity produced by D-serine was to 4.1 ? 24.4% above predrug spontaneous activity. The combination of D-serine and 7-CK was tested on six neurons, each drug given simultaneously from a different barrel. This combination had no effect on spontaneous activity (mean spontaneous activity before and after D-serine and 7-CK was 6.2 t 2.0 and 6.3 t 1.4 impulses/s, respectively). Responses of 10 neurons to CRD at 40, 60, or 80 mmHg were studied in the presence of Dserine. D-serine, like NMDA, produced facilitatory effects (for typical example, see Fig. 7A ) that were evident between 0.50 and 4 min after D-serine was ejected (Fig. 7B) . Similar to the effects of NMDA, the effects of D-serine were reproducible (Fig. 4C) . The overall mean percent facilitation produced by D-serine was 106 t 24% (P 5 0.05; Fig. 4D ), an effect that was blocked in all five cases when 7-CK was coadministered to 5 of these 10 neurons (mean percent facilitation with D-serine in the presence of 7-CK was 17.3 ? 26.4%; Fig. 40 ). There were no significant differences found between projection and nonprojection units with respect to D-serine-produced facilitation of responses to CRD (summarized in Fig. 8 ).
AFTERDISCHARGE.
Five of the 10 neurons that were tested in the presence of D-serine were identified as SL-S neurons. D-serine, like NMDA, increased afterdischarges in four of the five units between 0.05 and 4 min after drug ejection (see Fig. 7A for typical example). The mean activity in the 30-s period after the termination of distention was 149 t 26% of predistention resting activity before D-serine was given and 296 ? 95% of the predistention resting activity after D-serine was given (P 2 0.05; Fig. 5B ). mean spontaneous activity of the four SL-A neurons in the 30-s period after termination of CRD was 58.7 ? 8% of predistention resting activity before D-serine was given and 121.8 t 17% of predistention resting activity after D-serine was given (P 5 0.05; Fig. 5B ).
RECEPTIVE FIELDS.
One of the 10 units tested in the presence of D-serine demonstrated an expansion in receptive field size within the same modality (light brushing of the skin) of stimulation. This effect was reversed after ejection of 7-CK.
DISCUSSION
These results demonstrate that local activation of NMDA receptors can facilitate responses of spinal neurons receiving noxious visceral input. These results complement our previous report of dose-dependent facilitation of behavioral responses to noxious visceral stimulation by intrathecally administered NMDA (Kolhekar and Gebhart 1994a). NMDA receptor activation significantly increased the gain of the intensity coding function of 9 of 12 neurons tested. In addition, NMDA receptor activation also led to enlargement of convergent cutaneous receptive field size of 9 of 26 viscerosomatic neurons tested, including changes in response modalities in two cases. Because only unambiguous, large increases in receptive field size were recorded, it is possible that modest or subtle changes in receptive field size were missed. Given that NMDA receptor activation generally increased the excitability of the neurons tested (e.g., increased response magnitudes, increased afterdischarge), we have likely underestimated the influence of NMDA receptor activation on convergent cutaneous receptive field size. D-serine, a positive allosteric modulator of the NMDA receptor complex, mimicked the facilitatory effects of NMDA on visceral nociception. For both NMDA and D-serine, effects were shown to be antagonized by receptor-selective drugs. Collectively, these data suggest that spinal NMDA receptors are involved directly in local mechanisms that lead to enhanced spinal transfer of visceral nociceptive information and thus may participate in mechanisms leading to central hyperexcitability and visceral hyperalgesia.
NMDA-produced facilitation of responses to CRD
In recent years, involvement of central NMDA receptors in facilitatory phenomena in response to noxious thermal, chemical, and mechanical stimuli in models of acute nociception (e.g., Aanonsen and Wilcox 1987; Meller et al. 1992; Raigorodsky and Urea 1987) as well as persistent nociception (Coderre and Melzack 199 1, 1992; Davar et al. 1991; Haley et al. 1990; Mao et al. 1992; Murray et al. 1991; Ren et al. 1992 ) has been well documented (see Dubner and Ruda 1992; Meller and Gebhart 1993 for reviews). These facilitatory influences have been studied predominantly in models of cutaneous pain. Similar to the modulation of cutaneous input, we have reported previously that NMDA, when localized to the lumbosacral spinal cord, produces dose-dependent biphasic effects on the visceromotor and pressor responses to CRD in unanesthetized rats (Kolhekar and Gebhart 1994) . Picomolar doses produced facilitation whereas nanomolar doses produced inhibition of nociceptive input in both cutaneous (thermal) as well as visceral models (Kolhekar and Gebhart 1994; Kolhekar et al. 1994) . These facilitatory effects of NMDA were produced locally at the segmental level and were blocked by pretreatment with the NMDA receptor antagonist APV. A recent report by Rice and McMahon (1994) demonstrates inhibitory effects of APV on the lowering of pressure thresholds for the micturition reflex in a model of urinary bladder inflammation. Their and our results thus suggest that activation of NMDA receptors is involved in mediating central hypersensitivity to visceral stimuli.
NMDA-produced facilitation of neuron responses to noxious CRD in the present study closely match the facilitatory effects of NMDA on behavioral responses to noxious CRD and neuron responses to noxious cutaneous stimuli in several respects. For one, NMDA-produced facilitation of neuron responses to CRD was evident principally at noxious intensities of stimulation, which is wholly consistent with the effects of intrathecal NMDA on behavioral responses to CRD in awake animals. Moreover, NMDA administration has been demonstrated to facilitate neuron responses to cutaneous noxious stimuli such as pinching of the skin to a considerably greater extent than nonnoxious stimuli such as brush (Aanonsen et al. 1990; Dougherty and Willis 199 1; Dougherty et al. 1992a; Raigorodsky and Urea 1990) . These results thus further support a more selective role for NMDA receptors in modulation of nociceptive input.
Second, the time course of NMDA-produced facilitation of neuronal responses to CRD was consistent with NMDAproduced facilitation of behavioral visceral nociceptive re- flexes and also with the time course of effect of iontophoretitally administered excitatory amino acids on spinal neurons (Aanonsen et al. 1990) . The latency to effect (0.50-4 min) is likely a result of time required for diffusion of drug from the micropipette to the neuron being studied, which is further dependent on the distance and orientation of the pipette relative to the neuron. Several findings suggest that spinal NMDA receptors also participate in the phenomenon of allodynia (i.e., pain in response to previously nonnoxious stimuli). For example, spinal NMDA receptors are involved in the lowering of nociceptive neuron response thresholds to thermal and mechanical stimuli under pathological conditions such as cutaneous or joint inflammation (Dougherty et al. 1992b; Ren et al. 1992; Schaible et al. 1991) and ischemia (Sher and Mitchell 1990) . Intrathecal NMDA administration to the lumbar spinal cord of awake rats and mice also has been shown to produce acute hyperesthesia and vocalizations in response to gentle tactile stimulation of the flank (Aanonsen et al. 1987; Mjellem-Joly et al. 1991) . Consistent with these findings, three viscerosomatic neurons that were previously high threshold units responded to innocuous mechanical stimuli after NMDA administration. These observations further support a proposed role for NMDA receptor activation in cutaneous allodynia.
Acute irritation of the descending colon and rectum by local acetic acid (2.5% vol/vol) or mustard oil (2.5%) application produces sensitization of pelvic nerve afferent fibers innervating the colon ( J. N. Sengupta, S. Xin, and G. F. Gebhart, unpublished observations). Furthermore, acute colorectal inflammation by intracolonic zymosan also has been reported to decrease thresholds of behavioral visceromotor responses to CRD in awake rats, an effect that is reversed by the NMDA channel blocker, MK-801, administered intrathecally at the lumbar spinal level (Coutinho et al. 1994) . Taken together, these findings demonstrate that irritation or inflammation of the viscera produce effects analogous to cutaneous hyperalgesia and allodynia to visceral stimuli (see Gebhart and Mayer 1994; Mayer and Gebhart 1993 for reviews) and suggest that these phenomena involve a spinal NMDA receptor component in addition to nociceptor sensitization. Indeed, spinal neuron responses to CRD increase after intracolonic mustard oil and these changes are dependent on spinal NMDA receptor activation (R. Kolhekar and G. F. Gebhart, unpublished observations).
NMDA-produced facilitation of afterdischarges
Not only did spinal NMDA activation enhance neuron responses to CRD, but NMDA also produced significant effects on the pattern of activity after the termination of the distending stimulus. A majority of viscerosomatic neurons (12/15 SL-S), including 5/5 SL-A neurons, which normally have no afterdischarges, demonstrated increased activity after termination of distention after NMDA receptor activation. This, again, is consistent with behavioral experiments in which there was prolongation of visceromotor and pseudaffective responses to CRD in some rats in the presence of NMDA (Kolhekar and Gebhart 1994) . NMDA receptor blockade thus can be conceived to be of potential use in treating clinical correlates of central sensitization that involve prolonged responses to painful stimuli. In support, Kristensen et al. (1992) report a clinical case of chronic neurogenic pain, which involved a pronounced increase in pain lasting from minutes to hours after termination of noxious mechanical stimulation. Although unresponsive to conventional analgesic therapy, this pain was alleviated after intrathecal administration of the competitive NMDA receptor antagonist CPP to the patient NMDA-produced expansion of receptive jelds
Increase in the excitability of central neurons after peripheral tissue injury has been reported to be associated with an expansion of their cutaneous receptive fields (Cook et al. 1987; Hylden et al. 1989) and to be mediated by a spinal NMDA receptor (Ren et al. 1992) . Moreover, iontophoretic application of glutamate has been shown to result in an expansion of the receptive fields of low-threshold as well as high-threshold dorsal horn neurons in the cat (Zieglgansberger and Herz 197 1). In the context of visceral nociception, repetitive esophageal, gallbladder, or CRD in rats and cats has been demonstrated to produce increases in the size of convergent cutaneous receptive fields of the corresponding viscerosomatic neurons (Cervero et al. 1992; EuchnerWamser et al. 1993; Garrison et al. 1992 ; see Gebhart and Ness 1991; Ness and Gebhart 1990 for reviews). Furthermore, irritation of the colon with turpentine also results in increases in the size of convergent cutaneous receptive fields in rats (Ness and Gebhart 1990). Repetitive colonic distention in humans similarly leads to an increase in the area of referred sensation in the abdomen (Ness et al. 1990 ). Because the phenomenon of referral of visceral sensations to cutaneous structures is attributed to the convergence of these inputs onto central neurons, atypical referral, as in above reports, is likely a manifestation of a state of hyperexcitability of central neurons (see Gebhart and Mayer 1994; Mayer and Gebhart 1993 for reviews), an event that may involve activation of NMDA receptors. Consistent with the same, here we report an expansion of the convergent cutaneous receptive fields of viscerosomatic neurons after the administration of NMDA. This expansion was evident for both lowthreshold as well as high-threshold modalities of cutaneous mechanical input and was reversed by administration of the NMDA receptor antagonist D-APV.
D-serine produced changes in neuronal responses
The NMDA receptor complex is a postsynaptic ligandgated cation channel with multiple regulatory sites that are proposed to serve as targets for modulation by endogenous compounds. Of particular importance is the glycine modulatory site, which has been proposed to positively modulate NMDA receptor function (see Thomson 1989 for review). Several reports suggest involvement of agonists at the glytine site in nociception. For example, antagonism of the glycine modulatory site on the NMDA receptor complex has been shown to reduce spinal nociception in the rat (Dickenson and Aydar 199 1). Although glycine has been demonstrated to enhance responses of cutaneous nociceptive dorsal horn neurons to iontophoretically administered NMDA in electrophysiological studies, iontophoretic application of by 10.220.32.246 on June 23, 2017 http://jn.physiology.org/ Downloaded from glycine alone produces mixed facilitatory and inhibitory effects on dorsal horn neurons to noxious heat (Budai et al. 1992) . This may result from dual interaction of glycine with inhibitory and facilitatory sites. In support, occupation of the facilitatory glycine site alone by intrathecally administered D-serine, a selective agonist at the glycine modulatory site on the NMDA receptor complex, produced only facilitation of nociceptive withdrawal reflexes to thermal noxious stimuli in behavioral studies (Kolhekar et al. 1994 ). In contrast, and in support of the results of Budai et al. (1992) , glycine produced mixed effects (Kolhekar et al. 1994 ). Here we report a similar facilitation of visceral nociceptive processing by local administration of D-serine. The time course as well as antagonism of D-serine-produced facilitation by 7-CK suggest that these facilitatory effects are produced by activation of NMDA receptors. Furthermore, 7-CK blocked NMDA-produced facilitation of responses to CRD as well as expansion of convergent cutaneous receptive fields, consistent with previous reports of reversal of NMDA-produced thermal hyperalgesia by 7-CK (Kolhekar et al. 1994) . Thus these findings support the notion that occupancy of the glytine modulatory site is necessary for NMDA-receptor functioning.
The present study suggests that positive modulators of the NMDA receptor complex enhance visceral nociceptive transmission. Given the involvement of NMDA receptors in spinal processing of visceral nociceptive input, it is likely that modulation of NMDA receptor function at the glycine modulatory site provides potential for development of new therapeutic agents for the management of visceral (as well as somatic) hyperalgesic syndromes.
Conclusions
The results of the present study further suggest a role for excitatatory amino acids and modulators such as glycine and/or D-serine acting at spinal NMDA receptors in visceral nociception. Thus spinal NMDA receptor activation may produce chronic, activity-dependent alterations in neuronal excitability to noxious cutaneous and visceral stimuli, with implications for the generation of abnormal pain syndromes. Antagonists at spinal NMDA receptors and its regulatory sites thus may be of use in the treatment of visceral hyperalgesia and related sensory disorders.
